No biomarkers have been identified to predict outcome with the use of an antiangiogenesis agent for cancer. Vascular endothelial growth factor (VEGF) genetic variability has been associated with altered risk of breast cancer and variable promoter activity. Therefore, we evaluated the association of VEGF genotype with efficacy and toxicity in E2100, a phase III study comparing paclitaxel versus paclitaxel plus bevacizumab as initial chemotherapy for metastatic breast cancer.
INTRODUCTION
Inhibition of angiogenesis has proven to be beneficial in multiple types of malignancies. 1 Bevacizumab, a humanized monoclonal antibody against vascular endothelial growth factor (VEGF), is arguably the most clinically mature antiangiogenesis agent. [2] [3] [4] [5] Recently, E2100, a North American breast intergroup phase III trial, evaluated bevacizumab for patients receiving initial chemotherapy for metastatic, human epidermal growth factor receptor 2-negative breast cancer. 6 Patients were randomly assigned to weekly paclitaxel alone or paclitaxel with bevacizumab. The addition of bevacizumab improved the response rate (RR) from 21.2% to 36.9% (P Ͻ .001) and the median progressionfree survival (PFS) time from 5.9 months to 11.8 months (P Ͻ .001), but it did not improve median overall survival (OS). The addition of bevacizumab also increased grade 3 and 4 hypertension.
Bevacizumab, like conventional antitumor agents, has interindividual heterogeneity in efficacy and toxicity. Prior attempts to identify biomarkers for bevacizumab focused on tumor-derived features such as VEGF, k-raf, p53, and microvessel density, among others, and have been unsuccessful in predicting efficacy. 7, 8 This is not surprising because angiogenesis is a host-regulated process.
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However, there is substantial inherited genetic variability within VEGF and its receptor, VEGF receptor 2 (VEGFR-2), including multiple single nucleotide polymorphisms (SNPs).
9, 10 Prior data have suggested that SNPs within VEGF have biologic importance in predicting risk and prognosis of breast cancer, 10, 11 although there are conflicting reports.
12, 13 The variability seen in common polymorphic sites from breast tumors seems to be a result of inherited variation rather than somatic mutations.
14 In our prior work, we evaluated a common polymorphism in VEGF and two common polymorphisms in endothelial nitric oxide synthase and found 100% concordance in genotype when comparing DNA from primary breast tumors with germline DNA. Thus, genetic variability in VEGF and VEGFR-2 represents a logical candidate to study as a potential biomarker for bevacizumab.
The objective of this study was to test the hypothesis that, when patients are treated with bevacizumab, there exists an association between VEGF and VEGFR-2 candidate SNPs and efficacy and toxicity. In addition, this study planned to test the possibility of an association between candidate SNPs and protein expression assessed by immunohistochemistry (IHC) in the primary tumor. Finally, this study investigated for an association between VEGF and VEGFR-2 protein expression in the primary tumor and clinical outcomes.
PATIENTS AND METHODS

Samples
In the E2100 parent trial, there were 673 eligible patients with 623 disease progression events and 483 deaths as of November 13, 2007. Paraffinembedded tumor blocks from E2100 were available from 363 eligible patients for genotyping with a median follow-up time of 43 months. One hundred eighty patients were from the experimental arm, and 183 patients were from the control arm. Three hundred seventy-seven eligible patients were available for VEGF IHC, and 341 eligible patients were available for VEGFR-2 IHC. All DNA specimens were provided to the investigators of this trial in a deidentified fashion. This retrospective trial was approved by the Institutional Review Board at Indiana University.
Candidate Polymorphisms
We selected genes and polymorphisms known to modulate angiogenesis (Table 1 ) using the following criteria: involved in the angiogenesis pathway; established genetic polymorphism; sufficient frequency that its impact on drug response at a population level would be meaningful; and/or polymorphism could alter the function of the gene in a biologically relevant manner.
Genotyping
DNA was extracted from 20-m paraffin-embedded tissue sections using the DNeasy Tissue kit (Qiagen, Valencia, CA). Candidate SNPs were genotyped with Taqman-based real-time polymerase chain reaction. Details for genotyping of each SNP have been previously described. 10 Overall, genotype was successfully determined in 88.2% of samples (range, 82% to 92%).
Assessment of Expression
For VEGF, slides were deparaffinized, rehydrated, and placed in a vegetable steamer with citrate buffer at pH of 6.0 for 30 minutes. After slides cooled to room temperature, they were washed in two changes of distilled water followed by two changes of phosphate-buffered saline with 0.05% Tween-20 (PBST; Fisher Scientific, Pittsburgh, PA). Slides were then placed on a Dako Autostainer (Dako Cytomation, Carpinteria, CA). Slides were incubated with peroxidase blocking solution (S2001; Dako) for 10 minutes followed by three changes of PBST for a minimum of 10 minutes total. Slides were then sequentially incubated with anti-VEGF antibody (VG1; Lab Vision, Freemont, CA) diluted at 1:100 for 60 minutes, Dako EnVisionϩ (K4001; Dako) for 60 minutes, and then diaminobenzidine Substrate-Chromogen System (K3466; Dako), with three changes of PBST between each step. Slides were counterstained with Harris hematoxylin (Fisher Scientific), dehydrated, and cleared and had a cover slip placed. A VEGF_inv score was calculated by estimating the percentage of invasive tumor cells with cytoplasmic VEGF staining from the entire slide.
For VEGFR-2 IHC, formalin-fixed paraffin-embedded breast tumor sections were first deparaffinized and rehydrated. Next, antigen retrieval was executed at 98°C for 20 minutes in Target Retrieval Solution at pH of 9.0 (S2367; Dako). Dual Endogenous Enzyme Block (K4065, EnVisionϩ Dual Link System-HRP; Dako) was then applied for 5 minutes at room temperature. Anti-VEGFR-2 clone 55B11 rabbit monoclonal antibody (#2479; Cell Signaling Technology, Danvers, MA) was administered at a dilution of 1:20 for 2 hours at room temperature. Signal development with diaminobenzidine was conducted by the protocol for the EnVisionϩ kit with minor modifications. Counterstaining was completed with Hematoxylin QS (H-3404; Vector, Burlingame, CA) followed by dehydration and cover slipping. Human placenta or liver sections were used as positive controls. Omission of the primary antibody and substitution with rabbit immunoglobulin G (X0936; Dako) served as negative controls. Scoring was conducted with the H-score method, which is calculated as follows:
where u is the staining intensity (0 to 3ϩ) and ␣ is the percentage (0% to 100%) of tumor cells stained with each intensity.
15,16
Statistics
Event-time distributions were estimated using the Kaplan-Meier method. Association of genotype with time to event outcome (median PFS and median OS) was evaluated using the Cox proportional hazards method. Planned pair-wise comparisons among the three genotypes were conducted for each polymorphism. A significance level of P ϭ .017 corresponded to an overall type I error rate of 0.05 for each polymorphism based on Bonferroni correction for multiple comparisons. Given a 1.7% false-positive rate for each comparison, the probability that at least one false-positive result occurred among the 21 comparisons for all seven polymorphisms for PFS and OS was approximately 0.3, assuming that all of the comparisons were independent. Association of genotype with RR (defined as complete response/partial response v stable disease/progressive disease) and grade 3 or 4 hypertension was evaluated using Fisher's exact test with a significance level of P ϭ .05. Association of genotype with expression was studied using the Kruskal-Wallis test. For RR and toxicity, given a 5% false-positive rate for each comparison, the probability that at least one false-positive result occurred among the seven comparisons was approximately 0.3, assuming that all of the comparisons were independent. Associations of expression with time to event outcome (median PFS and median OS) and RR were evaluated using the Cox proportional hazards method and Wilcoxon rank sum test, respectively. All P values were two sided. 
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RESULTS
Relationship of Genotype With Efficacy
All candidate genotypes were compared with efficacy in both treatment groups. The VEGF-2578 AA genotype and the VEGF-1154 AA genotype predicted a favorable median OS (Table 2; Fig 1) for patients in the combination arm but did not predict an improved median OS for patients in the control arm and did not predict a superior PFS or RR for either arm. There was a significant incremental benefit from each addition of the VEGF-1154 A allele.
We also combined all genotypes for VEGF-2578 and VEGF-1154 and evaluated for an association with median OS (Table 3 ; Appendix Fig A1, online only) . There were nine possible combinations of which four groups had three or fewer samples (excluded from Fig A1) . When comparing the VEGF-2578/-1154 AA/AA genotypes with all of the other genotypes, there was an improvement in median OS in the experimental arm (P ϭ .041). When comparing the VEGF-2578/-1154 CA/GG genotypes with all of the other genotypes, there was an inferior median OS (P ϭ .038).
The median OS time was 25.2 months for the control arm (not subdivided by genotype) and 26.7 months for the experimental arm (not subdivided by genotype; P ϭ .16). 6 The median OS times for the subgroups in the VEGF-2578 AA and the VEGF-1154 AA genotypes in the experimental arm were significantly longer at 37.0 and 46.5 months, respectively, when compared with the control arm (not subdivided by genotype; P ϭ .035 and P ϭ .047, respectively; Fig 2) . There were no other significant associations between genotypes and efficacy for the other VEGF and VEGFR-2 SNPs evaluated.
Relationship of Genotype With Grade 3 or 4 Hypertension
All candidate genotypes were compared with grade 3 or 4 hypertension (National Cancer Institute Common Toxicity Criteria version 2.0); 14.8% of all patients receiving bevacizumab in the parent trial experienced grade 3 or 4 hypertension compared with 0% of patients in the control arm (P Ͻ .001). 6 The VEGF-634 CC and VEGF-1498 TT genotypes strongly correlated with less grade 3 or 4 hypertension (0% and 8%, respectively) when compared with the combined alternate genotypes (P ϭ .005 and P ϭ .022, respectively; Table 4 ). There were no other significant associations between genotypes and hypertension for the other VEGF and VEGFR-2 SNPs evaluated.
Relationship of Hypertension With Efficacy
Although not a one-to-one relationship, the common haplotypes that contain the advantageous alleles for survival (-2578A and -1154A) never include the alleles that seem to protect against grade 3 or 4 hypertension (-634C and -1498T). Therefore, we assessed for an association between significant hypertension and median OS in the parent E2100 trial and found that patients with grade 3 or 4 hypertension had a superior median OS time compared with patients with no hypertension (38.7 v 25.3 months, respectively; P ϭ .002; Appendix Fig A2, online only).
Relationship of Primary Tumor VEGF and VEGFR-2 Expression (IHC) With Clinical Outcome
An association between VEGF and VEGFR-2 and tumor expression was evaluated. The degree of VEGF expression was evaluated by the VEGF_inv score, which ranged from 0 to 100 (based on the percentage of invasive cells with cytoplasmic VEGF staining). The degree of VEGFR-2 expression was evaluated by an H-score, which could range from 0 (no detected expression) to 300 (100% of the cells had maximum 3ϩ expression). There was no statistically significant association between either VEGF or VEGFR-2 primary tumor expression and outcome.
Relationship of Genotype With Primary Tumor Expression of VEGF and VEGFR-2
All candidate genotypes were compared with primary tumor expression for both VEGF and VEGFR-2. The genotypes were compared with VEGF expression for the entire cohort, and there were no statistically significant associations determined. For the VEGF-2578 genotype, there was a trend for an association between genotype and VEGF inv_score. The median score for the AA genotype was lower (AA ϭ 50) when compared with the alternate genotypes (CA ϭ 60 and CC ϭ 75), but this did not reach statistical significance (P ϭ .08). The VEGF-1154 AA genotype also had a lower median expression (AA ϭ 25) than the alternate genotypes (GA ϭ 60 and GG ϭ 70), but this also did not reach statistical significance (P ϭ .13). No genotypes correlated with the expression of VEGFR-2.
DISCUSSION
Drugs that target VEGF and VEGFR-2 have made a major impact in cancer therapy. 1, 2, 4, [17] [18] [19] [20] Recently, E2100 demonstrated an improvement in RR and PFS with the addition of bevacizumab to paclitaxel in the first-line metastatic setting of breast cancer. 6 Although these drugs were largely touted as targeted therapy, we have had a difficult time identifying which patients will benefit most from them.
21 These agents all demonstrate clear therapeutic heterogeneity in that they are active in some patients but inactive and toxic in others. A biomarker to predict which patients might experience the most activity and least toxicity would be of clinical and scientific value.
To our knowledge, these are the first data to describe biomarkers that seem to be associated with efficacy and toxicity for bevacizumab Abbreviation: VEGF, vascular endothelial growth factor.
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www.jco.org in cancer. Germline SNPs were logical candidates to study because angiogenesis is largely a host-mediated event, as opposed to a process mediated by somatic mutations in the tumor. 22, 23 This is critical in that these changes are not controlled by the tumor, but instead are an inherited predictive factor. From an analysis standpoint, SNPs are convenient because they can be determined at any time and are not affected by the status of the tumor.
24 Much prior work has tested tumor-specific markers without success. Jubb et al 7 found that testing for tumor VEGF expression, thrombospondin-2, and microvessal density did not predict benefit from bevacizumab in colorectal cancer. Ince et al 25 have evaluated mutations in k-ras, k-raf, and p53, and these markers also did not predict benefit from bevacizumab.
It is not surprising that analysis of host-related variability might succeed where examination of tumor-related variability has failed. The heterogeneity in outcome seen with a therapy that targets a process (ie, angiogenesis) that is host mediated might best be explained by host-imprinted variability. There are multiple prior studies that suggest that SNPs within VEGF can impact outcome in conditions regulated by angiogenesis including cancer risk and prognosis, 10, 11, [26] [27] [28] [29] [30] [31] [32] [33] [34] retinopathy, [35] [36] [37] [38] [39] [40] [41] nephropathy, 42-45 pre-eclampsia, 46,47 recurrent pregnancy loss, 48 and vasculopathy. [49] [50] [51] Although the DNA evaluated here was derived from the primary tumor, we were attempting to evaluate germline variability. Although somatic mutations would not be unexpected, it seems that the majority of variability seen in the common polymorphic sites is inherited.
14 Thus, the determination of germline variability in these specific sites can be assessed from primary tumor DNA, as was performed here.
A major strength of this study is that it was performed on a large, multicenter trial with a robust number of patients. These data suggest that patients who had the VEGF-2578 AA genotype and the VEGF-1154 AA genotype had a superior median OS compared with patients with alternative genotypes. Of the alleles that demonstrated a positive associations in this study, the minor allele frequency in a random white population is frequent and ranges from 33% to 49%. 10 Thus, these findings are relevant to a large number of patients.
Another provocative finding was the prediction of clinically significant hypertension by VEGF genotype. Those with VEGF-1498 TT and VEGF-634 CC genotypes were largely protected from serious hypertension. The high blood pressure induced by bevacizumab can be a troubling toxicity, resulting in need for therapeutic intervention and even discontinuation for some. The ability to anticipate this toxicity could allow for either close monitoring with early intervention or even possibly prophylactic antihypertensive therapy. These finding may also lend insight into the fundamental biology of hypertension and provide clues for new therapeutic targets. The discovery of an association between those who experienced significant hypertension and an improved OS is also biologically provocative. On the basis of our haplotype data, we believe this represents an important biologic surrogate for those who may do well and not necessarily a toxicity that we should strive to achieve, as is common practice for conventional cytotoxic agents (ie, maximum-tolerated dose). Recently, it was found that patients who are extensive metabolizers of cytochrome P450 2D6 and take tamoxifen are more likely to gain the most benefit 52,53 but are also most likely to have hot flashes and be less compliant. 54 Similarly, the findings here suggest that those who experience significant hypertension comprise a subgroup that may have a greater potential to gain significant therapeutic benefit. This might provide motivation to aggressively treat drug-induced hypertension as opposed to abandoning therapy at the first sign of toxicity.
A weakness of this study was that blood was not collected. Thus, DNA had to be analyzed from paraffin-embedded tumor, which resulted in a genotype success rate of less than 100%. A limitation to the analysis of tumor protein VEGF/VEGFR-2 expression is that the expression was measured from the primary tumor. In contrast to SNP analysis, expression is likely to represent only a brief moment in the life of the malignancy. Because all of these patients had metastatic disease, it is possible that protein expression in the primary tumor may have been different from what the expression would have been at the time of therapy for metastatic disease. However, there was a trend for an association between the VEGF genotypes that had superior survival and lower VEGF expression in the primary tumor. This association may provide some mechanistic explanation to the genotype effect observed but can only be regarded as hypothesis generating at this time.
These findings pose a number of important questions. First, why was there a survival benefit, but only a hint of corresponding benefit in PFS and no RR advantage, detected by genotype? One possibility for this lack of concordance is that the genotype effect was a statistical artifact. For this reason, it is essential that these results be replicated. However, another possibility is that there is a complex interplay between the biology of angiogenesis and the use of an antibody that inhibits VEGF. The E2100 parent trial provides a hint that this interplay may be more complex than initially thought. Despite a doubling of RR and PFS, these dramatic differences did not translate into a statistically different OS. These findings would suggest that some of the patients in the experimental arm actually do worse after progression on an antiangiogenesis agent when compared with the control arm. This subgroup of patients may have an inherited predisposition for a rapid regrowth of blood vasculature either after loss of continued suppression from an antiangiogenesis agent or after becoming refractory to VEGF inhibition specifically. Recent data have demonstrated that an induction of tumor-independent circulating proangiogenic factors may occur after discontinuation of angiogenic blockade, possibly resulting in rapid tumor regrowth. 55 Thus, it is plausible that a certain subgroup of patients with a specific genotype may derive a sustained benefit from VEGF inhibition with discontinuation at progression that translates into a significant improvement in OS compared with control, whereas others do not. Second, what potential biologic mechanisms underlie these findings? Further research to unravel why these variants in VEGF are associated with outcome has the potential to suggest new treatment modalities aimed at VEGF. Comprehensive studies aimed at understanding how these variants might alter the molecular biology of VEGF signaling are ongoing in this laboratory. Although there are many possible mechanistic explanations for these findings, it is clear that the next step should be validation of these findings in the treatment of breast cancer and other conditions.
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